Introduction
Hydrogen peroxide has been an important analyte in many fields. For example, the determination of hydrogen peroxide is regarded as being significant in clinical assays, because physiologically significant components, such as glucose, and urate, are quantitatively oxidized with the corresponding oxidase enzymes, resulting in the formation of equimolar amounts of hydrogen peroxide. Although a number of methods for determining hydrogen peroxide have been developed, most of them are based on oxidation reactions of fluorogens or chromogens (hydrogen donors) with hydrogen peroxide using peroxidase. These methods are easily affected by the presence of other oxidative and reducible substances concurrently present in the samples, because of no specificity of peroxidase to hydrogen donors. 1 The avoidance of interferences from such substances demands a new, sensitive, selective, simple, and rapid method to assay hydrogen peroxide.
We have developed effective and specific detection systems, which are not based on redox reactions, but on the formation of a metal complex containing both hydrogen peroxide and a dye substrate. Consequently, a complex composed of titanium(IV) and a porphyrin derivative, oxo [5, 10, 15 ,20-tetra(4-pyridyl)-porphyrinato]titanium(IV) complex, TiO(tpyp) shown in Fig. 1 , was found to be most suitable. A Ti-TPyP reagent, i.e. an acidic aqueous solution of the TiO(tpyp) complex, was thus developed as a highly sensitive reagent for determining hydrogen peroxide. 2, 3 The reagent exhibits a single absorption peak at 432 nm. Following the addition of hydrogen peroxide to the reagent, this peak decreased significantly, accompanied by the appearance of a new peak at 450 nm. Its absorbance was found to be proportional to the added hydrogen peroxide concentration with an apparent molar absorptivity for hydrogen peroxide of 1.1 × 10 5 M −1 cm −1 . This new peak was assigned to the monoperoxo [5, 10, 15 ,20-tetra(4-pyridyl)porphyrinato]-titanium(IV) complex. 4 The Ti-TPyP reagent can detect even a pico-mole level of hydrogen peroxide with no significant interferences from amino acids, proteins, and inorganic ions, 2, 3, 5 and organic hydroperoxides, 6 concurrently present in samples. The reagent is thus characterized by a very high sensitivity and specificity for hydrogen peroxide. Its high sensitivity can be explained as being due to a large light absorptivity of the porphyrin ligand moiety at 400 -450 nm (the Soret band), but its specificity remains indistinct. However, a substantial account for the reaction specificity of the TiO(tpyp) complex to hydrogen peroxide should be quite important to secure the reliability of analysis using the Ti-TPyP reagent. Therefore, we tried to clarify the reaction specificity of the TiO(tpyp) complex to hydrogen peroxide from the viewpoint of the reaction mechanisms and molecular orbitals based on ab initio calculations. [5, 10, 15 ,20-tetra(4-pyridyl)porphyrinato]titanium(IV) complex, TiO(tpyp), was previously developed as a highly sensitive and specific reagent for determining hydrogen peroxide. In the present work, the reaction specificity of the TiO(tpyp) complex to hydrogen peroxide was clarified based on ab initio calculations. The results provide a well-grounded argument for determining hydrogen peroxide using the Ti-TPyP reagent experimentally. Linux PC-Cluster computer. All of the geometrical optimizations were carried out by using the RHF/STO-3G basis set, 8, 9 which can be applied to large molecules in order to decrease the calculation time and cost. [10] [11] [12] [13] All internal coordinates were optimized by means of the Berny algorithm, and convergence was tested against criteria for the maximum force component, root-mean-square force, maximum displacement component, and root-mean-square displacement.
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Reaction mechanism
As shown in Fig. 2 , we proposed a mechanism to react the TiO(tpyp) complex with hydrogen peroxide in an acidic solution. Four protonated pyridiyl groups in the TiO(tpyp) complex under an acidic condition were represented by a simplified form as 1 in Fig. 2 . This mechanism was slightly different from the reported ones. 3, 4 According to the experimental process to use such a strong acid as HClO4, 3 the first step was the formation of intermediate 2 to protonate the oxygen atom in the Ti=O moiety. Next, hydrogen peroxide initiated to attack the positively charged Ti δ+ site, not from the same side of the Ti=O moiety, but from the opposite side to the Ti=O moiety, because of an electrostatic repulsion from the negatively charged oxygen site. 14 Furthermore, the molecular orbitals (viewed from the opposite side to the Ti=O moiety) for the reaction species 1 and 2 are illustrated in Fig. 3 as (A) and (B), respectively. In both cases, the molecular orbitals available for bond formation are given on the Ti atom. However, their features differ remarkably between 1 and 2. In the latter case concerning protonation to the O atom, the orbital on the Ti atom is greatly enlarged compared to the former one. As a result, intermediate 2 was more reactive to attack hydrogen peroxide than 1.
Moreover, the molecular orbital of hydrogen peroxide is shown in Fig. 3, (C) . Since the molecular-orbital phase formed on the Ti atom of the complex coincides with that formed on the alternative O atom of H2O2, the reaction of the Ti atom with the H2O2 molecule favorably proceeds through overlapping one another. On the other hand, the TiO(tpyp) complex is found to be apparently inactive for methyl hydroperoxide by reference to its orbital characteristics. As shown in Fig. 3, (D) , the orbital formed on the O atom adjacent to the H atom is in the reverse phase to that on the Ti atom of the complex, indicating that no bond formation occurs between them as a result of mutual compensation of their molecular orbitals. Although the O atom adjacent to the methyl group has the orbital in the same phase as that on the Ti atom, a steric repulsion by the methyl group and the porphyrin moiety of the complex should contribute to blocking the linkage.
These ideas accounted for the experimental results adequately. 3 After forming the reactive intermediate 2, the reaction progressed to form the peroxo complex 6 more easily, under an acidic condition.
Potential energy curves
Secondly, the proposed reaction mechanism shown in Fig. 2 was verified based on the potential energy obtained by ab initio calculations. The formation of 2 from 1, that is protonation of the Ti=O moiety in the complex, needed 46.88 kcal/mol as the activation energy in Fig. 4 . This is consistent with the experimental facts in our previous studies, that the reaction needed the addition of a strong acid, and sometimes heating. 2, 3 Once the protonated species 2 is formed, it leads to a stabilization of 217.70 kcal/mol, compared to 1.
The approach of hydrogen peroxide from the opposite side of Ti=O + -H promotes the reaction progress. The validity of this assumption was examined from Fig. 5 , in which the distance between the Ti atom and the O atom of hydrogen peroxide is defined as a variable. Curves (A) and (B) in Fig. 5 correspond to the approach of hydrogen peroxide from the same side and the opposite side of the Ti=O + -H moiety, respectively. In the case of the same-side approach, hydrogen peroxide got closer to 4.15 Å, and its stabilization energy was 14.79 kcal/mol. This approach resulted in the formation of a hydrogen bond between hydrogen peroxide and the Ti=O + -H moiety in the TiO-porphyrin derivative complex. On the contrary, in the case of the oppositeside approach, hydrogen peroxide gave access to 2.13 Å, and its stabilization energy was 44.42 kcal/mol. This access led to the smooth formation of a bond between hydrogen peroxide and the Ti atom in the complex. These calculated results were reasonable, and harmonized with the reaction mechanism that we proposed as well as the previous experimental results. 3 
Conclusions
The reaction specificity of the TiO(tpyp) complex to hydrogen peroxide in an acidic solution was considered from the viewpoint of the reaction mechanisms and molecular orbitals based on ab initio calculations. Consequently, as shown in Fig. 2 , protonation of the oxygen atom in the Ti=O moiety and the approach of hydrogen peroxide from the opposite side of Ti=O + -H in the complex were important for the reaction specificity of the TiO(tpyp) complex to hydrogen peroxide. On the one hand, it also showed reactivity for neither organic hydroperoxides nor amino acids and proteins. These results should provide definite evidence in support of the accuracy of the analysis for determining hydrogen peroxide using the Ti-TPyP reagent. Because of the high specificity of the TiO(tpyp) complex only to hydrogen peroxide, most substances concurrently present in real analytical samples cause practically no interferences on the Ti-TPyP reagent. The Ti-TPyP reagent is thus shown to have potential for use in a broad range of analytical applications in the environmental, food, and clinical fields. Therefore, the method given in the present paper should be promising for providing a new way to evaluate analytical reagents.
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Computational results for TiO(tpyp) complex, H2O2, CH3OOH, 1, 2, 4, and 6. This material is available free of charge on the Web at "http://www.jsac.or.jp/analsci/". correspond to the attack of hydrogen peroxide to the Ti atom from the same side and the opposite side to the protonated Ti=O moiety of complex 2, respectively. The minimum structures, (I) and (II), were obtained from potential energy calculations of (A) and (B), respectively.
